The influence of pad intrinsic properties on the removal rate profiles of ILD CMP with fumed silica abrasive slurry was studied by changing pad's polymer hardness, porosity, and pore size. Of these intrinsic properties, pore size is found to be most critical to removal rate profiles.
Introduction
The planarization of inter-level dielectrics (ILD) during the manufacturing ultra-large scale integrated (ULSI) devices has been achieved through chemical mechanical polishing (CMP) of silicon oxide layers using silica-based slurries. 1, 2 The ILD CMP process has been widely studied. [3] [4] [5] [6] Although the actual material removal in ILD CMP is a chemical process, 7 ILD CMP is widely considered as a mechanical process since the apparent material removal rate is proportional to mechanical input like polishing down force and rotational speeds.
The pad is an essential consumable besides slurry and conditioner that enable the ILD CMP process. A typical CMP pad for the ILD process is made of polyurethane in one of two forms: a thermal set urethane (TSU) or a thermal plastic urethane (TPU). Non-foamed polyurethane pad material has been used as ILD CMP pad 8 and has been found too difficult to be conditioned resulting in removal rate decay through the pad life. 9 Foamed polyurethane pads dominate the CMP pad market. The foaming methods include poromerics, [10] [11] [12] blending with microspheres, 13 frothing, 14 microcellular foaming, 15, 16 blending with water-soluble polymeric spherical particles, [17] [18] [19] and embedding with mineral oil. 20 While the poromerics method provides open pore structures, all the other foaming methods mentioned above result in closed pores.
Chemical blowing agents have been widely used in other industries but not in CMP pads because of the difficulty in quality control. 21 Giving the pad material, the foaming method and process controls the pad's intrinsic properties such as porosity and micro-porous structure (shape and size of the pores).
The impact of intrinsic pad properties on CMP material removal rate is a subject of many studies. Thakurta et al studied the pad porosity and compressibility in CMP. 22 Pad modulus is studied and modeled by many researchers. 6 , 23- 26 Bajaj et al found the oxide removal rate in ILD 2014 Copyright Cabot Microelectronics Corporation. All rights reserved.
polishing is proportional to pad porosity. 27 Pad surface roughness was studied by McGrath et al 28 and Park et al. 29 Lu et al studied the changes of pad pores on the surfaces. 30 Nevertheless, further understanding how pad properties affect CMP performance is needed.
In this paper, a systematical study of the effect of pore size in a pad with closed pores on the material removal rate was performed in ILD CMP with fumed silica slurry.
Experimental
CMP pad. -Pads with a systematical change in pore sizes were manufactured through CO 2 gas foaming of TPU with different polymer resin hardness. 16 By adjusting foaming conditions which can control pore size and porosity independently, the foamed sheets with pore sizes ranging from <1µm to over 100µm, and porosity ranging from 5% to 50% were obtained.
The foamed sheet's porosity was determined by density measurement using ASTM standard D792. The porosity was calculated as:
where ρ foam is the foamed material's density and ρ solid is the solid material's density. The pore size was reported as number average size measured from the cross-section SEM images (Model:
AMRAY, KLA-Tencor, Corp., Milpitas, CA).
Unless specifically pointed out, all pads in this study were grooved as concentric grooving (20mil =508µm in groove width and 120mil = 3048µm in pitch, abbreviated as CC 20/120). The groove depth for the experimental pads were about 15mil (=381µm). However, the groove depth of commercial Epic  D100 pad was 30mil (=762µm). Figure 1a shows the cross-section of SEM images of these pads and Figure 1b shows the pore size distributions. The commercial Epic  D100 pad was included as baseline. The polishing down force was 4psi, the platen speed was 93rpm and the carrier speed was 87rpm. Figure 2 shows the profiles of the silicon oxide removal rates. For the pads with large pore sizes (27µm, 42µm and 70µm), the removal rates are flat cross the wafers if the rate drop off 1cm from edge is excluded. Such removal rate profiles are typical for industrial standard IC1010 and Epic ® D100 pads. The rate drop off 1cm from edge is attributed to the rebounding effect when the retain ring of the carrier is pressed against the pad, 32 and it is beyond the scope of present study. On the other hand, the pads with small pore sizes (2µm and 8µm) show severely non-flat removal rate profiles -excluding the 1cm edge rate drop off, the removal rate gradually increases from wafer center toward to wafer edge. The removal rate difference between the 1cm from wafer edge and the wafer center can be > 2000Å/min.
Such big removal rate difference cross the same wafers was only found in pads with small pore sizes, regardless of porosity. Figure 3 shows the removal rate profiles from the three pads with the same small pore size (0.5µm) and made from the same polymer (72D) but 14%, 21%
and 48% in porosity. ILD CMP was carried in Mirra polishing with 6psi polishing down force, 2014 Copyright Cabot Microelectronics Corporation. All rights reserved.
120rpm platen speed and 85rpm carrier speed. As seen from Figure 3 , all three pads show the removal rates at wafer center much lower than near the wafer edge.
Changing polymer hardness does not change the shape of removal rate profiles as long as the pore sizes are small. Figure 4 shows the removal rate profiles from removal rate profiles of the experimental pads: (1) 42D polymer hardness, 55µm average pore size, 36% porosity, (2) 55D polymer hardness, 10µm average pore size, 30% porosity, (3) 75D polymer hardness, 6µm
average pore size, 33% porosity and Epic  D100 pad (72D polymer hardness, irregular pores of 5-100µm, 14% porosity). The data was obtained in Mirra polishing at 4psi, 93rpm of platen speed and 87rpm carrier speed. The 55D, 75D and D100 pads were grooved with concentric grooves (CC 20/120) but the 42D pad was grooved with XY (28mil =711µm in groove width and 250mil = 6350µm in pitch, abbreviated as XY 28/250). XY grooving is known to have lower ILD removal rate than concentric grooving. For example, the oxide removal rate of D100 pad with XY grooving is only half of the same pad with CC 20/120 grooving. 7 Both 55D (10µm) and 75D (6µm) pads have small pore sizes and both show severe non-flat removal rate profiles. On the other hand, the soft 42D with larger pore size (50um) shows normal flat removal rate profile as D100 pad. The data here, as well as other data that is not presented here, indicates the oxide removal rate profile is not flat by changing pad grooving from concentrate to XY as long as the pore size is below 20µm.
To better characterize the behavior of the non-flat removal rate profiles, we define centerslow wafer non-uniformity (CS-WNU, in %) as
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where RR max is the maximum of removal rate cross the wafer and RR center is the removal rate at wafer center. CS-WNU is the indication how flat of the removal rate profiles cross the wafers.
For an ideal flat profile, the CS-WNU is zero. Typically, the CS-WNU below 10% can be considered as acceptable for ILD CMP. The plot of CS-WNU as a function of pore size is shown in Figure 5 . The data in Figure 5 was collected from the pads made of different TPU hardness and porosity. Clearly, to achieve flatter removal rate profiles, the pore size of a pad must be larger than a threshold about 20µm.
Besides ILD CMP, we also found the pads with small pore size (<20µm) caused non-flat removal rate profiles and unstable removal rate as a function of number of wafers polished in the other applications like Cu, barrier, and Al.
Attempts to flatten the removal rate profiles using CMP typical process knobs for the pads with pore size smaller than 20µm were not successful. These process knobs include adjusting zone pressure settings of Mirra or Reflexion polisher head (also known as "carrier"), polishing down force, slurry flow rate, slurry delivery location, different conditioning disks, and changing conditioner resident time etc. Simply reduce both platen and carrier speed at the same magnitude as described in the experimental section did not result in flat removal rate profiles as well.
However, a large offset of the carrier speed relative to platen speed can correct the removal rate profile. Such large offset in speeds is beneficial for the slurry flow underneath the wafer by avoiding back mixing, 33 as shown in Figure 6 . The data in Besides the unacceptable removal rate profiles, the pads with small pore size (<20µm)
can also result in unexpected consequence on the wafer film. In a few experiments on a 300mm
Reflexion polisher, TEOS film de-lamination was observed from the pad with ~1µm pore size and ~15% effective porosity using silica-based SS25 ILD slurry. In the same experiments and under the same polishing conditions, the reference D100 pad did not de-laminate the TEOS wafers. LaserScope measurements show the surface of the 8µm pad is much smoother than the 106µm pad. The surface roughness, Sa, of the 8µm pad after polishing is 7.3µm (average of three different locations at 3, 5 and 8 inch from pad center) in contrast to 18.8µm of the 106µm pad.
The surface probability density distribution of the two pads is shown in Figure 9 . The pad with small pores shows lower asperities and shallow valley depth than the pad with large pores. The asperities are the contact sites for material removal to occur and the valley acts as slurry reservoir.
Discussion

ILD CMP with silica slurry is a mechanical-assisted chemical process in which actual
removal is achieved by a direct nucleophillic attack of the silanolates of the silica particle on the wafer Si-O bond with the mechanical energy input via pad by providing the means to transport the slurry to the contact zone. 7 Because the slurry transport and mechanical energy in the contact zone are the keys to ILD removal, the removal rate shows strong dependence of mechanical characteristics. In moderate polishing down force (2 to 6psi) and speeds (60 to 110rpm), the silicon oxide removal rate is proportional to down force times speeds -a characteristics of Prestonian behavior, i.e., rate ∝ P× V. [34] [35] [36] [37] [38] [39] [40] [41] [42] Homma et al 43 hand as demonstrated in our previous publication, the different pad surface textures can also have different efficiency to convert the total mechanical energy input from CMP processes. 7 The influence of a pad's properties on the removal rate is the subject of many studies. For example, pad's porosity on silicon oxide removal rate was studied by Bajaj et al. 27 . Pad's porosity and compressibility on CMP rate was studied by Thakurta et al. 22 . Pad's surface roughness was studied by Park et al. 29 and Park et al. 45 and modeled by Castillo-Mejia et al. 46 Pad's grooves provide macro-texture to transport slurry to the contact zone and the groove designs have been the subjects of many studies 7,47-49 . Pad's asperities were studied by Muldowney 50 and the influence of pad conditioning on SiO 2 removal rate was studied by
Lawing.
51-53
The present study focuses on the intrinsic properties of pad -particularly on pad pore size and its influence on the ILD removal rate profiles. The pad with small pore sizes has shown un-even removal rate profiles in which the rate near edge is significantly higher than the rate at wafer center. Such removal rate profiles are the characteristics associated with small pore sizes and are hard to be remedied through typical CMP process tuning. As demonstrated in Figure 3 and Figure 4 , the responsibility to the un-even removal rate profiles by other pad intrinsic properties, namely, polymer hardness, pad porosity and pore morphology can be ruled out. The pads in this study have closed pores. As seen in Figure 1a , the reference D100 pad has irregular pore morphology and the other test pads have spherical pores. In addition, we also tested the commercially available pads with open pore structure like Fubjibo and Politex. The TEOS removal rate profiles of these two pads were like that of D100.
The small pore size results in two consequences. First, the small pore sizes reduce slurry holding capacity. The porosity in pad is created by closed pores. In a simple model, let's assume:
(1) all pores have the same size with radius, r; (2) all pores are randomly and homogenously distributed in the polymer matrix; (3) only those pores that are open to surface can have opportunities to hold slurry. Thus, the slurry holding capacity per unit surface area, C, is equal to C = r×P (3) where P is the porosity, r is the radius of a pore. Table 1 shows the slurry holding capacity comparison among the pads with different pore size and porosity. The slurry holding capacity per unit surface area by concentric grooves with 20mil groove width, 120mil pitch and 15mil
groove depth (CC20/120/15) is included for comparison. Although a groove's slurry holding capacity is more than the capacity of the surface pores, it is the slurry on the land area that actually contributes to material removal. It can be seen from Table 1 , for the pad with large pores (100µm) and high porosity (45%), the slurry holding capacity by pores per unit surface area can reach one third of the holding capacity of concentric grooves (CC20/120/15). At constant porosity, reduce pore size will reduce slurry holding capacity. For example, change pore size from 50µm to 5µm will result in 1 order magnitude reduction in slurry holding capacity. Low slurry holding capacity means there are less slurry particles available for the asperities to transport them into contact zone, implying low removal rate. However, this slurry holding capacity alone cannot explain the removal rate profiles of the pads with small pores. If lower slurry holding capacity means less abrasive particles to have enough kinetic energy (i.e., mechanical energy) for the direct nucleophillic attack on the wafer Si-O bond, overall lower removal rate is expected but not un-even removal rate profile.
Second, the small pore sizes results in smoother pad surface with low height of asperities as seen from Figure 8 and Figure 9 . Pad relies on conditioning to rejuvenate pad asperities, as documented in early ILD CMP studies. [54] [55] [56] However, using a 4-inch conditioner to a 20-inch or 30-inch pad is not an efficient process. Depending on the diamond conditioner type, the sizes of diamonds are in the range of a hundred to several hundred micrometers and the shapes can be classified as sharp or bulky. Typically small and sharp diamonds can provide better cutting to CMP pad and better efficiency to restore pad asperities than large and bulky diamonds. As the pad pore size becomes smaller, especially below 10µm, it is more difficult for the diamonds, which are more than 10 times larger the pores now, to grab the edge of pores for efficient cutting.
Eventually glazing of pad surface dominates rejuvenation of pad asperities by diamond conditioning, results in declining polishing rate with pad life. This is similar to the solid pad (non-foamed pad) situation. The solid ILD pad was found too difficult to be conditioned and the oxide removal rate decayed through the pad life. 8, 9 The smooth surface will increase the adhesion force between the wafer and pad surface with the presence of slurry. This in turn may lead to higher adhesion friction. According to the work by Homma et al. 43 , high friction will lead to higher removal rate. Thus, we can postulate the friction force at the edges of the wafers for the pads of 2µm and 8µm in Figure 2 will be more than 25% greater than the friction force for the pads with large pores (27µm, 42µm and 70µm) since at near wafer edge, the pads with small pore size show higher removal rates compared to pads with large pores. However, the removal rate is proportional to friction understanding is only valid when there is enough slurry between wafer and pad in boundary lubrication regime. If there is no slurry or very little slurry, the contact between wafer and pad 2014 Copyright Cabot Microelectronics Corporation. All rights reserved.
becomes "dry" contact. Such dry contract can lead to very high friction but does not contribute to material removal on wafer.
The mechanistic picture emerges for the removal rate profiles associated with the pads with small pores. The small pores of the pads result in high adhesion friction, which can lead to high removal rate near the wafer edge. However, the high adhesion also prevents the fresh slurry flow into wafer center, resulting slurry "starvation". Thus, the "dried" pad underneath the wafer can have very high friction. This explains the TEOS-film de-lamination phenomenon observed in some of our 300mm wafer ILD tests with small pore pads. On the other hand, at the edge of wafer the suction force created by the motion of wafer and pad can still pull slurry in. Thus, the combination of high adhesion friction force at the edge of the wafer and slurry starvation at center of the wafer results in the large difference in material removal rate cross the wafer, i.e., edge fast but center slow removal rate profiles. A fluid dynamic simulation is under way in our laboratory to further understand this phenomenon.
Conclusion
The removal rate profiles of ILD CMP using fumed silica slurry were systematically studied as a function of pad's pore size ranging from <1 µm to >100 µm. For the pad's pore size below 20 µm, TEOS removal rate profiles are un-even. Such un-even removal rate profiles are the characteristics of small pore pores regardless of pad's other intrinsic properties like polymer hardness, porosity and pore morphology. It is difficult to find practical CMP process knobs to flatten the removal rate profiles. On the other hand, the problem can be corrected by increasing pad pore size greater than 20µm. The un-even removal rate profiles associated with small pores of the CMP pads can be attributed to the strong adhesion friction force created by the small pores 
